The performance of bulk-heterojunction solar cells is significantly affected by several factors among which are the nano-morphology of the photoactive layer and the properties of interfacial layers promoting charge extraction and collection at the electrodes. In this work, we investigate the correlation between the MoOx layer thickness and the thermal annealing procedure on the device performance and on the charge extraction efficiency of inverted ITO/PEI/P3HT:PCBM/MoOx/Ag bulk heterojunction solar cells. The surface morphology of pristine and annealed P3HT:PCBM photoactive layers is examined by atomic force microscopy (AFM) before and after the exposure to dichloromethane showing the presence of low-molecular weight and regio-random P3HT domains whose distribution can be related to the applied thermal annealing procedure. The chemical and molecular composition profiles in the photoactive layer and at the interfaces are investigated through depth profile analyses combining X-ray photoelectron spectroscopy and time-of-flight secondary ion mass spectrometry showing a decreasing oxidation gradient of the MoOx and low diffusion of the MoOx species in the P3HT:PCBM layer. Additionally, we show that the voltage dependent photocurrent is significantly affected by non-geminate recombination for devices with a too thin MoOx layer thickness, while applying a non-optimal thermal annealing procedure leads to an increased geminate recombination mechanism of charge carriers. The highest charge extraction efficiency and device performance is reached for devices with a MoOx layer above 5 nm while thermal annealing procedure has to be applied before the deposition of the MoOx/Ag layers.
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I. Introduction
Organic bulk-heterojunction solar cell devices (OSCs) have attracted considerable attention in the past decades due to their striking advantages including high versatility for a wide field of different applications, cost-effective fabrication and short energy amortization time. However, to maintain the competitiveness of OSCs, key metrics like the device performance and the long-term stability have to be enhanced on a continuous base. This challenge has been addressed in numerous reports through an improved control of the nanoscale morphology of the photoactive layer forming a bulk heterojunction system (BHJ) and/or through the introduction of interfacial layers to facilitate charge extraction from the photoactive layer. [1] [2] [3] [4] [5] To minimize the electron extraction barrier, typically high work function materials such as calcium 6 , lithium fluoride (LiF) 7, 8 or polyethyleneimine PEI 9 are used. On the other hand, low work function materials like PEDOT:PSS, 10,11 tungsten oxide (WOx) 12 or molybdenum oxide (MoOx) 13, 14 have been employed to improve the hole extraction. In addition, interfacial layers can act as optical spacers to enhance the optical field of the incident light inside the photoactive layer and thus improving the generation of excitons. 15, 16 However, the overall device performance in BHJ OSC primarily depends on the morphology of the bi-continuous and interpenetrating network of donor and acceptor materials, as most intensively investigated for poly(3-hexyltiophene) (P3HT) acting as electron donor and the fullerene derivate [6, 6] -phenyl-C61-butyric acid methyl ester (PCBM) acting as the electron
acceptor. Yet, in P3HT:PCBM solar cells, as in many other solid state blend systems, post deposition annealing treatments need to be applied to improve the phase separation in the photoactive blend. 17 For this, two approaches have been widely investigated which are called:
(i) solvent annealing (i.e exposing the photoactive layer at room temperature to solvent vapors) 18 and (ii) thermal annealing (i.e exposing the photoactive layer to temperatures between 110 and 180 °C). At the same time thermal annealing in presence of interfacial layers or metal electrodes can also lead to severe interdiffusion and to the formation of intermediate layers affecting the charge extraction efficiency and thus the overall solar cell performance.
These mechanisms have been reported by several groups in particular for standard P3HT:PCBM/Al devices where thermal annealing in presence of the Al electrode was found to have a beneficial effect on the overall device performance. 19 The comparison between individual solar cell performance indicators obtained for devices annealed prior (preannealed) or after (post-annealed) the Al electrode deposition showed an enhanced short circuit current density (JSC) for post annealed devices. This was attributed to a lowered contact resistance between the electrode and the photoactive layer. 20, 21 However, the introduction of annealing was performed after the deposition of the MoOx/Ag electrode, was investigated in a previous report. 24 It was concluded that the decay of the device performance is due to the loss of cohesion of the MoOx/Ag interface and consequently the formation of a MoOx-Ag alloy interlayer, as well as slight diffusion of the Ag, O and Mo species into the P3HT:PCBM layer.
However, this study focused on investigating the MoOx/P3HT:PCBM interface, while the morphology of the P3HT:PCBM photoactive layer was not examined in detail.
In this work we investigate both the morphology of the P3HT:PCBM photoactive layer and PEI was dissolved at room temperature under stirring in 2-Butanol to reach a ratio of 0.15 mg/ml. Glass/ITO substrates were cleaned by a standard cleaning procedure consisting of ultrasonication in a diluted Hellmanex bath followed by immersion in acetone and isopropanol baths for 15 min each. Successive fabrication steps were performed in an Arfilled glovebox where oxygen and water levels were constantly monitored to be below 5 ppm.
The PEI solution was spin-coated on the Glass/ITO following a two-step procedure at 1500 rpm for 2 s and 4000 rpm for 20 s. Afterwards, the samples were placed on a hot plate and annealed at 105 °C for 10 min to remove solvent residuals. The P3HT:PCBM solution was spin-coated at 1200 rpm for 80 s leading to the thickness of ~80 nm (as measured on a scratch in the film). Three different fabrication procedures were realized according to the scheme in 
B. Surface and Interface Characterizations
Tapping-mode atomic force microscopy (AFM, Nanoscope V5 from Veeco) was performed to characterize the surface morphology of spin-coated P3HT as well as P3HT:PCBM layers deposited on Glass/ITO/PEI substrates and exposed to the different thermal annealing treatments. To access the P3HT:PCBM layer surface below the electrodes of fabricated solar cell devices, the MoOx/Ag was removed by dipping the samples in an ultrasonic NH3 (30%) bath for 45 s followed by mechanical stripping with an adhesive tape. For the investigations of P3HT and PCBM distributions in pristine or blended films, the samples were placed on a spin coater and DCM was drop-casted on the surface and removed after 10 s by spinning at 4000 rpm for 60 s. Finally, the samples were dried under nitrogen flow and investigated by AFM.
X-ray photoelectron spectroscopy (XPS) depth profile analysis (K-Alpha, Thermo Scientific) was performed by alternating low-energy (500 eV) Ar + sputtering and surface analysis in 
C. Solar Cell Performance and Charge Extraction Efficiency
The spectral absorbance characteristic of P3HT and P3HT:PCBM layers within the UVvisible range (350-850 nm) was examined by a PERKIN ELMER spectrophotometer (PERKIN ELMER, Lambda 900) equipped with an integrating sphere. Photoluminescence spectra were acquired between 580 and 800 nm on a spectrofluorophotometer (SHIMADZU, RF5301 PC). The wavelength of the excitation source was selected at 517 nm, corresponding to the maximum absorption peak of the P3HT:PCBM layers that were deposited on glass substrates. The J-V characteristics of fabricated solar cells were acquired using a Keithley 2400 coupled with a AM 1.5 calibrated solar simulator (ATLAS Material Testing) providing an irradiance of Pinc=100 mW/cm 2 . The solar cell performance is derived through the relation:
where ηP is the power conversion efficiency (PCE), FF is the fill factor and the MPP index refers to the maximum power point. The open circuit voltage VOC corresponds to the externally applied bias Vext at which under illumination conditions the observed current density is zero, while the short circuit current density JSC is obtained when Vext equals zero.
The voltage-dependent charge extraction of investigated devices is correlated to the obtained J-V characteristic by the photocurrent JPh that is defined through the relation:
where Jlight and Jdark are the current densities under illumination and dark conditions, respectively. Additionally, we define the charge extraction efficiency by the ratio:
The total internal voltage acting on charge carriers (Veff) corresponds to the externally applied voltage (Vext) corrected by the compensation voltage (V0) which is the bias where the photocurrent is zero (Figure 6a) . Plotting Jph vs Veff in log-log scale offers a convenient way to evaluate the power law dependence of the derived photocurrent in relation to the acting effective voltage (Jph α Veff k ). The experimental linear fit coefficient (k) allows for an identification of different charge transport regimes, i.e. ohmic (k=1), saturated (k=0) or space charge/recombination limited transport (k=0.5). 25 In a common approach, two theoretical models are combined to describe the behavior of the voltage dependent photocurrent Jph(Veff). 41, 48 The first model developed by Onsager and later extended by Braun in 1984, 49, 50 addresses the dissociation probability of the polaron-pair formed in the photoactive layer upon absorption of an incident photon. Upon successful separation of the polaron-pair and further neglecting trapping and recombination of the free charge carriers, the behavior of Jph(Veff) can be related to simulation results obtained from the Sokel-Hughes model. 26 and explained by (i) interface degradation mechanisms or by (ii) the diffusion of the top electrode material into the photoactive blend. 27 Since both reasons can explain the decreased JSC observed for post-and double-annealed devices, the morphology of the photoactive blend and the properties of the MoOx interfacial layer will be carefully investigated in the next section. 
B. Composition and interface depth profile analyses
In contrast to the general consensus concerning Al diffusion at the P3HT:PCBM/Al interface, previous reports about the P3HT:PCBM/MoOx interface are much more controversial. (Figure 3a and 3b) . Interestingly, the depth evolution of the MoOx layer chemical composition was almost identical for the devices subjected to the pre-or double-annealing procedures (Figure 3c and 3d and Figure   S5 ). To improve the detection limit with respect to XPS analysis (~0.1 atomic %) and more safely exclude that the depth-dependent MoOx layer composition variation is the result of the preferential sputtering of oxygen species by the low-energy Ar + beam. 30, 31 ToF-SIMS depth profiles were performed with low-energy Cs + beam on pre- (Figure 4 
C. Influence of the thermal annealing sequence on the bulk heterojunction morphology
The P3HT:PCBM BHJ morphology was characterized in devices bearing the same MoOx layer thickness (l=8 nm) but treated by different thermal annealing procedures. AFM topography and phase images did not reveal any significant annealing procedure (see Figure   S1 and S3 in Supplementary Information). Moreover, the associated phase images do not allow distinguishing between the individual components of the photoactive layer to eventually evidence phase separation within the photoactive layer ( Figure S1 ). It was previously reported that prolonging the annealing time resulted in the enhancement of the vertical segregation of the PCBM phase and possibly lead to the formation of µm-sized PCBM aggregates which considerably increased the charge recombination rate. [33] [34] [35] [36] [37] [38] In our case, since PCBM aggregates are not observed at the BHJ surface, maybe because of the too short annealing time, we considered an alternative approach consisting of washing the BHJ film with dichloromethane (DCM) in order to dissolve PCBM without affecting the P3HT morphology. Therefore, we expected the appearance of cavities in the film morphology We firstly restrict our discussions on pre-annealed solar cells bearing different MoOx layer thicknesses. The effects of the MoOx layer thickness on the overall device performance has been extensively investigated by a number of different approaches, including fitting of the obtained JV curve to an equivalent electrical circuit model. In this case, for a MoOx layer thicknesses < 3 nm the low device performance, caused by a decreased VOC, JSC and FF, was ascribed to an increased series resistance and/or by a decreased shunt resistance. 43, 44 Investigating the effect of a varied MoOx layer thickness on the voltage dependent photocurrent shows for small Veff <0.1 V an ohmic transport regime (i.e. ℎ ∝ with k=1), while increasing Veff > 0.2 V leads to saturation of the photocurrent (k=0) as shown in Figure 7 . A similar trend of the photocurrent is observed for both =8 nm and =12 nm, whereas Jph is slightly lowered for devices bearing a higher MoOx layer thickness than 8 nm.
The shape of the extraction efficiency, which we define by normalizing the photocurrent of the electrode materials. 51 In a previous report, investigating the development of the work function in relation to the film thickness for metal oxide layers, it was shown that the work function of metal oxides become stable only above a certain layer thickness; for MoOx a critical thickness of =5 nm was derived. 46 Hence, for devices bearing a MoOx layer thickness below this critical value an energy level mismatch is observed between the HOMO energy level of P3HT and the MoOx work function. As a consequence, such devices require a larger effective voltage to reach saturation of the photocurrent while for small Veff the charge extraction efficiency is affected by surface recombination due to the lower charge selectivity of the anode. The dependence of the derived light-generated photocurrent with respect to different magnitudes of the effective voltage has been investigated by Mihailetchi et. al, 41 showing that for small effective voltages Jph can be described by the model proposed by Sokel and Hughes, 51 while for large Veff the behavior of the photocurrent becomes governed by the dissociation probability of the polaron pairs which was developed by Onsager and extended later by Braun. 49, 50 In a different approach based on fundamental statistics of fermions it was
shown that non-geminate recombination dominate when V~VOC (i.e small Veff) while geminate recombination dominates at low applied voltages (V~0 V, or Veff > 0.4 V), i.e at high internal electric field. 47 Hence, for the pre-annealed solar cell with l=4 nm, the extraction of light-generated charges is mainly limited by non-geminate recombination of (free) charge carriers at the anode that can be suppressed by increasing the MoOx layer thickness. In contrast, for post-and double-annealed devices the behavior of the photocurrent cannot be 
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